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A B S T R A C T   

The reduction of staphyloxanthin (STX) production in Staphylococcus aureus under trans-anethole (TA) influence 
was proven in former studies. However, no tests concerning the impact of TA on a biosynthetic pathway of this 
carotenoid pigment have been published so far. Thus, for the first time, the present preliminary study evaluated 
the influence of TA on the expression level of genes (crtOPQMN operon and aldH) encoding STX pathway en
zymes. Additional attention was paid to the identification of STX and its intermediates. Gene expression and 
identification of extracted compounds were conducted using quantitative real-time PCR and HPLC-MS tech
niques, respectively. The analyzes showed no difference in crtM, crtN, crtO, crtP, crtQ, and aldH gene expression 
between bacterial samples isolated from the non-stimulated (control) medium and the stimulated one with TA. 
Compared to the control group that showed the presence of all metabolic intermediates and STX, the TA-treated 
bacteria were characterized by a lack or a significant reduction of the majority of compounds, except 4,4′-dia
poneurosporenoate, the content of which was elevated in the TA-treated sample. Moreover, in silico molecular 
docking analysis revealed that TA is capable to create relatively strong interactions with both 4,4′-diapophytoene 
synthase and 4,4′-diapophytoene desaturase. The preliminary findings indicate that the previously observed TA 
effect reducing the number of S. aureus colonies pigmentation is probably not associated with the expression 
levels of genes encoding STX pathway enzymes. It has been proven that adding TA to the medium can interfere 
with the formation of STX at different levels of its biosynthetic pathway.   

1. Introduction 

Yellow pigment synthesis by Staphylococcus aureus strains is a char
acteristic feature of these bacteria, associated with the production of the 
carotenoid referred to as staphyloxanthin (STX). It is estimated that over 
90 % of the S. aureus strains isolated from human infections are pig
mented [1,2]. STX is located in the plasma membrane of bacteria (sta
bilizes it) and is considered an important virulence factor of S. aureus 
due to its potent antioxidant properties and protection of the bacteria 
from phagocytosis [3]. Research by Liu et al. [4] revealed that geneti
cally modified S. aureus (containing a loss-of-function crtM gene muta
tion) lost its natural golden pigment and was more sensitive to hydrogen 

peroxide. Similarly, another study also showed that the dye-deprived 
S. aureus was more sensitive to oxidants (i.a., superoxide radical, 
hydrogen peroxide, hypochloride, hydroxyl radical) [5]. Interestingly, 
according to the available literature, the antimicrobial and anticancer 
properties of STX have also been proven [6]. 

The STX biosynthesis pathway is encoded by the crtOPQMN operon 
and aldH gene, which is located about 670 kilobase pairs from the 
operon [7,8]. These genes encode enzymes (CrtM – 4,4′-diapophytoene 
synthase, CrtN – 4,4′-diapophytoene desaturase, CrtP – 4,4′-diaponeur
osporene oxygenase, AldH – 4,4′-diaponeurosporen-aldehyde dehydro
genase, CrtQ – 4,4′-diaponeurosporenoate glycosyltransferase, and CrtO 
– glycosyl-4,4′-diaponeurosporenoate acyltransferase) involved in a 
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complex cascade of reactions that begins with the direct condensation of 
two molecules of farnesyl diphosphate and leads to the formation of 4, 
4′-diapophytoene, catalyzed by CrtM. Then, CrtN dehydrates 4,4′-dia
pophytoene, leading to the formation of 4,4′-diaponeurosporene. CrtP 
oxidizes the terminal methyl group of 4,4′-diaponeurosporene to form 4, 
4′-diaponeurosporen-4-al, which AldH then converts to 4,4′-dia
poneurosporenoate. CrtQ esterifies glucose at the C1 position with the 
carboxyl group of 4,4′-diaponeurosporenoate, leading to the formation 
of glycosyl-4,4′-diaponeurosporenoate. In the final step, CrtO acyl
transferase esterifies the glucose at the C6 position with a carboxyl 
group of the acid, constituting STX [7]. 

Studies on the possible S. aureus virulence reduction by inhibiting the 
production of STX have been carried out by many researchers. A study 
performed by Liu et al. [9] showed that three phosphono-sulfonates: 
BPH-652, BPH-698 and BPH-700, inhibited the formation of CrtM [7]. 
S. aureus strains lost their natural golden pigment under the influence of 
rhodomyrtone – a substance produced by Rhodomyrtus tomentosa (Aiton) 
Hassk [10]. Furthermore, flavone [11], farnesol [12], myricetin [13], 
carvacrol [14], thymol [15], and celastrol [16] (compounds naturally 
found in plant metabolite) inhibited pigment biochemical pathways. 
Additionally, the inhibitory effect on the STX production was obtained 
by culturing S. aureus strains with the other compounds: cerulenin (fatty 
acid synthase inhibitor), dihydrobisvertinol, xanthohumol (an inhibitor 
of diacylglycerol acyltransferase), zaragozic acid (squalene synthase 
inhibitor), anthraquinones (6-deoxy-8-O-methylrabelomycin, tetrango
mycin), NP16 inhibitor, tylopilusin C (isolated from the fruiting bodies 
of fungus Tylopilus eximinus), citridone A (isolated from Penicillium sp.), 
and graphiumins (isolated from fungus Graphium sp.) [7,17–20]. 

In our previous study, we also noted that S. aureus ATCC 25904 
(Newman) strain cultured on a medium supplemented with a subin
hibitory concentration (sub-MIC) of trans-anethole (TA; an organic 
compound formed in plants as a by-product of terpene synthesis and a 
primary compound of many essential oils, including, e.g. anise, star 
anise or fennel) was characterized by reduced STX production and low 
antioxidant properties [21]. A result of this was, among others, a higher 
phagocytic index and more efficient intracellular killing via an 
oxygen-dependent pathway in comparison to non-treated cells. Inter
estingly, no studies concerning the influence of TA on the biosynthetic 
pathway of this carotenoid pigment produced by the S. aureus Newman 
strain have been published so far. Thus, we hypothesize that the TA 
reduces/inhibits the expression of crtM, crtN, crtO, crtP, crtQ, and aldH 
genes, as well as influencing the formation of STX and its metabolic 
intermediates. Hence, this preliminary study aimed to culture the 
S. aureus Newman strain on a medium supplemented with a sub-MIC of 
TA and then analyzed the relative expression level of genes encoding 
STX pathway enzymes. Additional attention was paid to identifying STX 
and its intermediates through high-performance liquid chromatography 
coupled with the mass spectrometry (HPLC-MS) method. 

2. Materials and methods 

2.1. Reference strain and culture condition 

S. aureus ATCC 25904 (Newman) strain was used in the study. Before 
each stage of the study, the reference strain was cultured on Columbia 
agar with 5 % sheep blood (bioMérieux, Warsaw, Poland) and incubated 
overnight at 37 ◦C under aerobic conditions. 

2.2. Treatment of S. aureus Newman strain with TA 

To obtain the TA-treated S. aureus Newman strain, a culture medium 
was made according to the procedure described in a former study [21]. 
Briefly, a sub-MIC of TA (5.0 %, v/v; Sigma-Aldrich, Poznan, Poland) 
was dissolved in Tween 80 (1.0 %, v/v, Sigma-Aldrich, Poznan, Poland) 
and added to a sterilized flask containing cooled to 50 ◦C Mueller-Hinton 
agar (MHA; Sigma-Aldrich, Poznan, Poland). Then, 15 ml of mixed 

medium was quickly transferred to a Petri dish (Ø = 90 mm) and left to 
solidify. To completely solidify the medium, the dish was incubated at 
37 ◦C for 18 h. Considering above-mentioned conditions, the following 
media were prepared: MHA – sterility control; MHA (control, medium 
A); MHA supplemented with 1.0 % (v/v) Tween 80 (medium B); and 
MHA supplemented with 1.0 % (v/v) Tween 80 and sub-MIC of TA 
(medium C). 

2.3. Molecular assays 

2.3.1. Primers 
Primers sequences for molecular analysis were designed using 

Primer Express 3.0 software (Applied Biosystems, Life Technologies, 
Carlsbad, CA, USA) based on a sequence of the S. aureus Newman genes 
available in the UniProt database (www.uniprot.org). All primers were 
purchased from Genomed (Warsaw, Poland). The amplicons were 
designed to fit the 80–110 bp range, and the primer annealing temper
ature was 60 ◦C (Table S1). The amplification specificity was verified by 
visual analysis of agarose gel electrophoretic picture (Fig. S1) and PCR 
product melting curve analysis. PCR efficiency was over 95 % for all 
amplification reactions, which was determined by running quantitative 
PCR (qPCR) standard curve experiments with 5-fold dilutions of bacte
rial DNA. PCR efficiencies and correlation coefficients are presented in 
Table S2. 

2.3.2. DNA isolation 
After 18 h of incubation at 37 ◦C of the S. aureus Newman strain on 

Columbia agar with 5 % sheep blood, one bacterial colony was trans
ferred to a falcon containing tryptic soy broth (Bacto™ Tryptic Soy 
Broth, Becton Dickinson and Company, Warsaw, Poland) and re- 
incubated at 37 ◦C for 18 h. After incubation, 100 µl of bacterial cul
ture was centrifuged (3000 × g, 4 min), washed three times using sterile 
phosphate-buffered saline (PBS, pH = 7.4) and treated with lysozyme 
(400 U/ml, A&A Biotechnology, Gdansk, Poland) and lysostaphin (0.4 
U/µl, A&A Biotechnology, Gdansk, Poland) at 37 ◦C for 60 min. After 
digestion, DNA isolation steps were initiated according to the Gene
MATRIX Bacterial & Yeast Genomic DNA Purification kit (EURx, 
Gdansk, Poland) procedure. The obtained DNA of S. aureus Newman was 
stored in a temp. − 80 ◦C until assayed. 

2.3.3. PCR assay 
A PCR assay for gene expression analysis was designed to detect crtM, 

crtN, crtO, crtP, crtQ, aldH, pta, recA, rho, rpoB, and 16S rRNA genes and 
initially verified with the use of bacterial DNA. The following reaction 
mixture was added to each sample: Green GoTaq reaction buffer 
(Promega, WI, USA), dNTPs mixture (A&A Biotechnology, Gdansk, 
Poland), MgCl2 solution (Promega, WI, USA), hot-start DNA polymerase 
(A&A Biotechnology, Gdansk, Poland), primers, nuclease-free water 
(ThermoFisher Scientific, Waltham, MA, USA), and DNA from S. aureus 
Newman strain. Typical volumes and reagent concentrations were 
described in the previous study [22]. 

Amplification was conducted using an Applied Biosystems Veriti 96 
Well Thermal Cycler (Applied Biosystems, Life Technologies, Carlsbad, 
CA, USA). An initial denaturation step of 95 ◦C for 4 min was followed by 
35 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, and 72 ◦C for 1 min. The final 
step was performed at 72 ◦C for 10 min. After PCR assay, obtained 
products and 100-bp DNA ladder (A&A Biotechnology, Gdansk, Poland) 
were analyzed by electrophoresis on a 1.5 % agarose gel stained with 
ethidium bromide (Sigma-Aldrich, Poznan, Poland) using Tris-borate- 
EDTA (1 × TBE, ThermoFisher Scientific, Waltham, MA, USA) as 
running buffer. The amplicons were visualized using a gel image system 
(GelDoc-It2 Imager, Analytik Jena US LLC, Upland, CA, USA) (Fig. S1). 
Control reactions containing all reagents except the extracted DNA (no 
template control – NC) were included in the study. 
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2.3.4. RNA isolation and cDNA synthesis 
After 18 h of incubation at 37 ◦C of the S. aureus Newman strain on 

Columbia agar with 5 % sheep blood, bacterial colonies were transferred 
to a falcon containing PBS (pH = 7.4) and adjusted to a density of 1.5 ×
108 cfu/ml. Next, the diluted bacterial suspension was transferred onto 
A-C media and re-incubated at 37 ◦C for 18 h. Then, grown colonies were 
harvested from the media, washed five times using PBS and treated with 
lysozyme (400 U/ml, A&A Biotechnology, Gdansk, Poland) and lysos
taphin (0.4 U/µl, A&A Biotechnology, Gdansk, Poland) at 37 ◦C for 60 
min. Total RNA was isolated from bacterial cultures using the Total RNA 
Mini kit (A&A Biotechnology, Gdansk. Poland), according to the pro
tocol provided by the supplier, including residual DNA digestion step 
with DNAse using Clean-Up Concentrator kit (A&A Biotechnology, 
Gdansk, Poland). RNA concentration and purity were assessed using a 
DS-11 FX spectrophotometer (Denovix, Wilmington, DE, USA). Subse
quently, cDNA was prepared using a High-Capacity cDNA Reverse 
Transcription Kit (ThermoFisher Scientific, Waltham, MA, USA), with 
100 ng of total RNA for 20 µl of reaction volume according to the 
manufacturer’s procedure. The obtained cDNA of S. aureus Newman was 
stored in a temp. − 80 ◦C until assayed. 

2.3.5. Quantitative PCR (qPCR) assay 
All qPCR reactions were performed using Fast SYBR Green Master 

Mix and ViiA™ 7 Real-Time PCR System with 96-Well Block (Thermo
Fisher Scientific, Waltham, MA, USA) at the same conditions (40 reac
tion cycles). The following genes were analyzed: crtM, crtN, crtO, crtP, 
crtQ, and aldH. The following housekeeping genes were initially selected 
as references: pta, recA, rho, rpoB, and 16S rRNA (Table S1), based on 
literature data and the previous authors’ experience [23,24]. Finally, the 
16S rRNA gene was excluded because of too high expression (vastly 
exceeding the expression of the rest of the studied genes). Relative 
expression of crtOPQMN operon and aldH gene was evaluated using 
ΔΔCT method, using the geometric mean of CT value for the 
house-keeping genes (pta, recA, rho, rpoB) as a reference, with subse
quent normalization to mean expression of each gene in S. aureus 
Newman incubated on control medium (A). 

2.4. The conditions of qualitative and quantitative HPLC-ESI-Q-TOF-MS 
analyses 

2.4.1. Sample preparation 
For the HPLC-MS-based compositional analysis, the samples ob

tained from A-C media were first evaporated to dryness using an 
Eppendorf Concentrator Plus (Hamburg, Germany) and re-dissolved in 
methanol (Chempur, Piekary Slaskie, Poland) at the concentration of 10 
mg/ml. The samples were filtered through a nylon syringe filter 
(Whatman, 13 mm diameter, 0.1 µm pore size, Sigma-Aldrich, Poznan, 
Poland) to autosampler vials and subjected to HPLC-MS analysis. 

2.4.2. HPLC-ESI-QTOF-MS analysis of samples 
High-resolution mass measurements and chromatographic separa

tion of the samples were performed using an analytical platform 
composed of an HPLC chromatograph with mass spectrometer detection 
manufactured by Agilent Technologies (Santa Clara, CA, USA). The 
chromatograph (1100 Series) was composed of a degasser, an auto
sampler, a binary pump, a column thermostat and a QTOF-MS/MS mass 
detector (G6530B) with an ESI (electrospray ionization) facility. 

The following gradient of solvents was used on the RP-18 Zorbax 
Eclipse Plus chromatographic column (150 mm × 2.1 mm; dp = 3.5 µm, 
Agilent Technologies, Santa Clara, CA, USA) to achieve separation of 
metabolites: 0 min – 10 % of B (acetonitrile with 0.1 % formic acid) and 
90 % of A (0.1 % solution of formic acid), 10 min – 20 % of B and 80 % of 
A, 15 min – 40 % of B and 60 % of A, 17–18 min – 95% of B and 5 % of A, 
19–25 min – 10 % of B and 90 % of A. The analysis was conducted with a 
0.2 ml/min flow rate, 10 µl injection volume, at the temperature of 25 ◦C 
and with a post time of 5 min. The solvents used in the analysis were of 

HPLC-MS grade and were purchased from J.T. Baker (Phillipsburg, NJ, 
USA). 

The mass detector was operated in two ionization modes (positive 
and negative ion settings) with the capillary voltage of 3000 V, nozzle 
voltage of 1000 V, fragmentor voltage of 110 V, skimmer voltage of 65 
V, the gas temperature of 275 ◦C, sheath gas temperature of 325 ◦C, gas 
flows of 12 L/min, nebulizer pressure of 35 psig and collision energies of 
10 and 20 V. The m/z range was set at 100–1700 Da. 

2.5. Molecular docking 

The TA molecule (ligand) was drawn manually by using Avogadro 
1.1.1 [25] and optimized within the UFF force field [26] (5000 steps, 
conjugate gradient algorithm). The flexible, optimized ligand was 
docked into the binding pockets of the two enzymes: CrtM and CrtN. For 
CrtM, the high-resolution (1.58 Å) structure found in the PDB (www. 
rcsb.org) database was used: PDB: 2ZCO. In the case of CrtN, where 
no experimentally-resolved 3D structure is available, the high-quality 
homology model based on the PDB: 4REP.1. A template and generated 
by SWISS-MODEL web server (www.swissmodel.expasy.org) [27] was 
used. 

The AutoDock Vina software [28] was applied for docking simula
tions. The procedure of docking was carried out within the cuboid region 
(of dimensions: 26 × 26 × 28 Å) which covered the whole area of 
binding cavities present in both enzymes. In addition to flexible ligand, 
the rotation of side chains located in the binding cavity was allowed as 
well. The number of possible poses generated during single run was 
increased to 40, whereas the exhaustiveness parameter was increased to 
16. Apart from that, all the default procedures and algorithms imple
mented in AutoDock Vina were kept. The docking results were analyzed 
in terms of both the location and orientation of the docked ligand as well 
as the associated binding energies. 

2.6. Statistical analysis 

The statistical significance of the results was determined using a one- 
way ANOVA test. Results P < 0.05 were considered statistically signif
icant. Statistical analyses were performed using GraphPad Prism 5.02 
(GraphPad Software Inc., San Diego, CA, USA) software. All experiments 
were performed in three biological replicates with at least three tech
nical replicates. All data were expressed as mean ± standard deviation. 

3. Results and discussion 

Advances in medicine and pharmacy have undoubtedly contributed 
to the expansion of therapeutic options for infections caused by 
S. aureus. However, due to the numerous and undesirable effects of drugs 
and growing antibiotic resistance, infectious diseases remain a signifi
cant public health problem [29]. In recent years, significant interest has 
been noted in medicinal plants, which have been known and valued for 
centuries in healing and folk medicine in many regions of the world 
[30–32]. An interesting example of plant-derived compounds is TA, a 
secondary plant metabolite classified as Generally Recognized as Safe 
[33]. Our previous studies confirmed the influence of this compound on 
the reduction of STX formation in the S. aureus Newman strain [21]. 
Reduction of STX content (synthesized by enzymes encoded by crtM, 
crtN, crtO, crtP, crtQ, and aldH genes), a compound that presents anti
oxidant properties, resulted in increased bacterial susceptibility to 
phagocytosis and reactive oxygen compounds. Thus, we assumed that 
the previously observed TA effect on reducing S. aureus Newman col
onies pigmentation in vitro could be associated with its impact on the 
expression level of the genes mentioned above. Other researchers 
reached the same assumptions. El-Ganiny et al. [34] noted that dom
peridone (an antiemetic drug) and candesartan (an angiotensin receptor 
blocker) inhibited S. aureus pigmentation, which correlated with the 
decreased expression level of crtM. Moreover, Selvaraj et al. [14] 

P. Kwiatkowski et al.                                                                                                                                                                                                                           

http://www.rcsb.org
http://www.rcsb.org
http://www.swissmodel.expasy.org


Biomedicine & Pharmacotherapy 158 (2023) 114153

4

reported the anti-STX activity of carvacrol in the S. aureus strain with 
simultaneous observation of downregulation of the crtM gene expres
sion. Nevertheless, based on the current analyzes, no difference in crtM, 
crtN, crtO, crtP, crtQ, and aldH gene expression was observed between 
bacterial samples isolated from medium A (non-stimulated) and C 
(stimulated with sub-MIC of TA) (Fig. 1). Interestingly, there are reports 
in the available literature noting similar results. Askoura et al. [35] have 
observed that terbinafine (an allylamine fungicidal) inhibited STX pro
duction without changing the expression of crtM or crtN genes. More
over, Ye et al. [36] found that a new cationic peptide (MSI-1) possessed 
anti-STX activity but did not affect the expression of crtM and crtN genes. 
Thus, the obtained results in the current study could indicate that TA 
inhibitory activity on STX is likely to be due to direct interference with 
enzymes catalyzing the defined steps in its molecular pathway; however, 
further studies are needed to prove it. 

Based on the performed analyzes, a statistically significant increase 
in expression was also observed between samples A and B (stimulated 
with Tween 80) (P < 0.004) as well as samples B and C (P < 0.009), 
indicating that the addition of Tween 80 into MHA medium did modify 
the expression of the crtOPQMN operon, but no aldH gene (Fig. 1). In our 
previous studies, we observed that S. aureus colonies cultured on me
dium B characterized slightly increased pigmentation compared to 
medium A; however, spectrophotometric results were not statistically 
significant [21]. 

HPLC-MS data obtained in the QTOF detector-based experiments 
were used to identify STX and its intermediates in the analyzed samples 
(A–C), in line with the previously described results [37]. The list of 
identified compounds, together with their experimental m/z values, 
error of measurement, double bond equivalent value and molecular 
formula, are presented in Table 1. Their extracted ion chromatograms 
are attached to the Supplementary Materials (Figs. S2–S8). Furthermore, 
the P-values of the peak area data obtained in the QTOF detector-based 
experiments are listed in Table S3. 

The analyzed compounds were present in the total ion chromato
grams recorded in both negative (farnesyl diphosphate) and positive 
(the remaining compounds) ionization modes (Fig. S9). The peak of STX 
was seen in the fingerprints of the total ion current chromatograms at 
22.8 min, and the changes in its content between samples A-B and 
sample C could be noted (Fig. 2 and Fig. S8). The recorded chromato
grams confirm that the content of STX was reduced from 100 % in 
sample A to 61.8 % (P < 0.001) in sample B and 4.6 % (P < 0.001) in 
sample C. The results might explain the change of the color from yellow 
to white-yellowish observed in bacteria cultured on the medium sup
plemented with sub-MIC of TA (Fig. 2), which was also noticed in our 
previous study [21]. Furthermore, together with the decrease of STX 
content in sample C, an increase in the peak area of the peak corre
sponding to 4,4′-diaponeurosporenoate was found (Fig. 2 and Fig. S6), 
which probably may indicate the STX decomposition into this chemical 
compound. It was also mentioned in studies by Pelz et al. [37] and Kim 
et al. [8]. Interestingly, the concentration of STX seems to be disturbed 
by adding 1 % Tween 80 to the MHA medium. The peak area of STX in 
sample B was significantly lower (P < 0.001) than in sample A. 

Other intermediates listed in Table 1 were visible in the recorded 
chromatograms, and the HPLC-MS measurement provided relevant data 
for their recognition in the tested samples. 

The authors found it crucial to analyze the differences in the studied 
samples’ peak areas of all compounds. The extracted ion chromatogram 
of every compound of interest is presented in the Supplementary Ma
terials (Figs. S2–S8), and a direct comparison of their relative content 
expressed in the differences in peak areas is presented in Fig. 2. Fig. 2 
shows the peak areas of the following compounds: farnesyl diphosphate, 
4,4′-diaponeurosporen-4-al, and glycosyl-4,4′-diaponeurosporenoate 
were lower in the sample C than in samples A-B with significant P-values 
(<0.001). Interestingly, 4,4′-diapophytoene and 4,4′-diaponeurospor
ene have not been detected in sample C. That is why it might be assumed 
that adding TA to the MHA medium can disturb the formation of STX on 

different levels of the biosynthetic pathway. Moreover, sample B seems 
to have an elevated level of glycosyl-4,4′-diaponeurosporenoate in 
comparison to sample A. Possibly, this compound originates from STX in 
the decomposition process evoked by the additions of Tween 80 to the 
medium. To the best of the authors’ knowledge, no data are verifying the 
effect of Tween 80 on the concentration of glycosyl-4,4′-diaponeur
osporenoate in the biosynthetic pathway of STX. Thus, the simulta
neously observed up-regulation of genes responsible for the synthesis of 
STX in sample B and increasing formation of glycosyl-4,4′-diaponeur
osporenoate requires further analysis. Not all the enzymes of the STX 
pathway are possibly inhibited to the same extent, which may lead to the 
accumulation of some metabolic intermediates with simultaneous 
depletion of the others. 

Although the expression of the studied genes did not differ signifi
cantly in TA-treated bacteria (C) compared to those incubated in me
dium A, the influence of TA on gene expression cannot be excluded 
entirely, as its addition nivelated the inductive impact of vehiculum (B) 
to the basic values (Fig. 1). It may suggest the more complex TA and STX 
biosynthesis mechanism, both at transcription and enzymatic activity 
levels. 

A disturbed production of STX and its intermediates was recorded in 
the spectra of sample C. Media supplemented with TA lacked 4,4′-dia
pophytoene (Fig. S3) and 4,4′-diaponeurosporene (Fig. S4). This sample 
was also characterized by a decreased content of other compounds, 
except 4,4′-diaponeurosporenoate. These statistically significant differ
ences indicate a marked influence of the TA on S. aureus pigmentation 
and, consequently, on its virulence, which has also been noted in our 
previous studies [21]. Contrary, Selvaraj et al. [14] did not observe the 
absence of 4,4′-diapophytoene and 4,4′-diaponeurosporene in the 
biochemical pathway of STX under carvacrol influence. The authors 
noted a statistically significant reduction in the intermediates, which 
correlated with enhancing the susceptibility of S. aureus to oxidants. 
Similar results were obtained by Valliammai et al. [15], who proved the 
reducing influence of thymol on all intermediates tested, which corre
lated with, among other things, decreased resistance of S. aureus to ox
idants, increased phagocytosis as well as cell membrane fluidity. 
However, a different chemical structure of TA may result in its varied 
potential to inhibit individual enzymes of the STX biosynthesis pathway. 
Interestingly, docking studies have proven that TA may be a potential 
antioxidant compound by inhibiting human tyrosinase and NAD(P)H 
oxidase - enzymes that play a crucial role in oxidative stress [38]. 

Due to the fact that the lack of 4,4′-diapophytoene (CrtM product) 
and 4,4′-diaponeurosporene (CrtN product) was noted in the current 
study, in silico molecular docking analysis of the TA-CrtM and TA-CrtN 
interactions was performed. The molecular docking results demonstrate 
that TA is capable to create relatively strong, attractive interactions with 
both CrtM and CrtN. The calculated TA-enzyme affinities are of 
magnitude of ca. − 5.9 (CrtM) or − 6.4 (CrtN) kcal/mol. Considering 
small dimension of the ligand molecule, these values indicate strong 
affinity for binding and suggest the potential of TA for an effective 
blocking of enzyme reaction site. Several slightly different binding poses 
were detected for both ligand-enzyme pairs, differing by detailed amino- 
acid-ligand contact pattern. Nevertheless, the binding mechanism is 
always similar and relies on reducing the non-polar area within the 
binding cavities of both enzymes by tight contact of the TA molecule 
with several aliphatic and aromatic amino-acid residues. The existence 
of multiple, energetically-equivalent binding modes can be explained by 
large dimension of hydrophobic clusters present in cavities of both en
zymes and the associated, large area for non-polar ligand-cavity 
contacts. 

Fig. 3 shows the graphical illustration of exemplary ligand-enzyme 
complexes. In the case of CrtN, binding is driven by a series of face-to- 
face and face-to-edge π-π stacking, involving Phe and Tyr residues as 
well as the CH-π interactions with Ile, whereas the aliphatic part of TA 
interacts with Leu and Phe sidechains. The stability of such arrangement 
is supported by the network of hydrogen bonds involving the methoxy 
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Fig. 1. Relative expression of crtOPQMN operon and aldH gene in Staphylococcus aureus Newman strain cultured on Mueller-Hinton agar: non-supplemented (control 
– medium A); supplemented with 1.0 % (v/v) Tween 80 (medium B); and supplemented with 1.0 % (v/v) Tween 80 and trans-anethole at the subinhibitory con
centration (5.0 %, v/v, medium C). STX biosynthesis pathway and gene (in the correct order) expression of the enzymes catalyzing the defined steps in its molecular 
pathway is shown. Data for each gene were normalized to the mean value for the control medium (A) (ΔΔCT method). The results are presented as the mean ± SD. 
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group of TA and sidechains of Tyr89, Tyr345 and Tyr190. The binding 
mechanism found for the TA-CrtM is very similar to that described above 
and includes the π-π interactions with two Phe side chains, and the CH-π 
interactions with Tyr, Leu and Val. The role of ligand-enzyme hydrogen 
bonding is rather limited and involves only Tyr248. 

The comparison of the docking results and the CrtM structures 
available in the PDB database (PDB: 2ZCO, 3ACW, 3NPR and 4F6V) 
reveals that the location of the TA molecule docked into binding cavity 
overlap with position occupied by all co-crystalized ligand present in 

analyzed structures. This confirms that binding of TA to CrtM is struc
turally associated with blocking the enzymatic site. 

The properties of amino-acid residues creating binding cavities in 
both enzymes and identified ligand-enzyme contact types clearly indi
cate a large potential for binding numerous ligands of relatively small 
molecular dimensions and dominating non-polar/aromatic chemical 
character. 

4. Conclusions 

In conclusion, the preliminary findings indicate that the previously 
observed TA effect on reducing the number of S. aureus Newman col
onies pigmentation in vitro [21] is probably not associated with the 
expression level of genes encoding STX pathway enzymes. It has been 
assumed that the anti-STX activity of TA could be due to direct inter
ference with enzymes catalyzing the defined steps of its molecular 
pathway. Nevertheless, further research is needed to prove it, e.g. based 
on comparative transcriptome combined with proteomic analyses of the 
bacterial cytoplasmic membrane, which is the location of STX. 

The applied HPLC-ESI-QTOF-MS approach helped to understand the 
molecular changes that appear after the administration of TA to a bac
terial medium. The technique provided high-resolution mass measure
ment data to identify STX and its intermediates. Compared to the control 
group that showed the presence of all intermediates and STX, the TA- 
treated bacteria was characterized by a lack or a significant reduction 
of the majority of compounds of interest, except 4,4′-diaponeurospor
enoate, the content of which was elevated in the sample treated with the 
TA. It has been proven that adding TA to the medium can interfere with 
the formation of STX at different levels of its biosynthetic pathway. 
Moreover, in silico molecular docking analysis revealed that TA is 
capable to create relatively strong interactions with both CrtM and CrtN 
and TA-enzyme binding occurs by blocking the enzymatic pocket. The 
observed changes could explain the background for the loss of S. aureus 
virulence in the presence of TA and may shed light on a new application 
of the TA as an antibacterial and anti-virulence agent. 
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Table 1 
The list of compounds identified in the HPLC-ESI-QTOF-MS analysis of the tested samples.  

No. Ionization +/− Rt [min] Formula m/z theoretical m/z experimental Δ ppm DBE Compound  

1. − 12.7 C15H28O7P2  381.1237  381.1225  3.3 3 Farnesyl diphosphate  
2. + 22.4 C30H48  409.3829  407.3809  4.8 7 4,4′-Diapophytoene  
3. + 20.6 C30H42  403.3359  403.3320  9.8 10 4,4′-Diaponeurosporene  
4. + 23.7 C30H40O  417.3152  417.3175  -5.5 11 4,4′-Diaponeurosporen-4-al  
5. + 21.8 C30H40O2  433.3101  433.3138  -8.5 11 4,4′-Diaponeurosporenoate  
6. + 12.3 C36H50O7  593.3484  593.3473  1.8 12 Glycosyl-4,4′-diaponeurosporenoate  
7. + 22.2 C51H78O8  818.5697  818.5702  -1.3 13 Staphyloxanthin 

Rt – retention time in minutes, DBE – ring and double bond number, Δ ppm – the error of measurement expressed in mmu. 

Fig. 2. Comparison of HPLC peak areas of staphyloxanthin and its in
termediates produced by Staphylococcus aureus Newman strain cultured on 
Mueller-Hinton agar: non-supplemented (control – medium A); supplemented 
with 1.0 % (v/v) Tween 80 (medium B); and supplemented with 1.0 % (v/v) 
Tween 80 and trans-anethole at the subinhibitory concentration (5.0 %, v/v, 
medium C). The data are expressed as mean ± SD. 
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